We propose a new operational definition for summer phytoplankton blooms based on station-specific chlorophyll a distributions. This definition has been applied to a large monitoring data set from the Kattegat, a shallow marginal sea affected by man-induced eutrophication, in order to describe spatial and temporal variations of summer blooms as well as their underlying cause. Blooms were associated with relatively higher salinity, nutrient concentrations, and wind speed prior to observation as well as relatively lower temperature, which suggests that entrainment and the upwelling of nutrient-rich bottom water are the main causes of summer blooms. The station-specific frequency of blooms was, on average, 8.7%, with higher frequencies in the frontal area toward the Skagerrak as well as in the shallow western area. Blooms generally had a limited extent in localized regions, and we suggest that blooms could be initiated in hydrodynamically active regions and subsequently transported to other parts of the Kattegat. There were no trends in the bloom frequency over the study period (1989-1999), but interannual variations were linked to external nitrogen input, through upwelling of regenerated nutrients, which suggests that blooms are increasing in frequency over longer timescales. Summer blooms were dominated by large species (Ceratium spp. and Rhizosolenia spp.), which indicates that size-dependent grazing affects the development and probably also the fate of summer phytoplankton blooms. This bloom definition can be generally applied to other data sets to investigate the properties of high phytoplankton biomass.
Significant efforts are currently being made to understand the features and mechanisms underlying the population dynamics of phytoplankton or algal blooms, with national and international programs being established worldwide-for example, the Global Ecology and Oceanography of Harmful Algal Blooms program (available on the Web at http://ioc. unesco.org/hab/GEOHAB.htm). Blooms are complex phenomena with a variety of both natural and anthropogenic causes. There is a belief that the frequency of phytoplankton blooms in general, and a concern that harmful algal blooms in particular, may have increased. However, few long-term data sets are available to critically evaluate this hypothesis (Hallegraeff 1993) . 1 Corresponding author (jac@dmu.dk).
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The definition of a phytoplankton bloom often relies on subjective, differing, and arbitrary criteria (e.g., Reid et al. 1987; Richardson 1989) , and descriptions such as ''exceptional,'' ''unusual,'' and '' nuisance'' lead to widespread confusion about the meaning of the term ''bloom'' (Smayda 1997) . Richardson (1997) defined a bloom as ''the rapid growth of one or more species which leads to an increase in the biomass of the species.'' Most reports, however, have used the term bloom (red tides are specific to marine dinoflagellate blooms) to describe circumstances in which a high biomass or abundance has already been established without reference to the conditions (e.g., growth, advection, or accumulation) leading to that state. Although it is possible to determine growth of different phytoplankton groups or of the total phytoplankton community (Goericke and Welschmeyer 1993; Landry et al. 1995) , it is more common for monitoring programs to quantitatively determine the abundance and biomass of phytoplankton. Although operational bloom definitions based on threshold criteria (e.g., Tett 1987) can be used for the quantification of bloom frequencies and trends, such definitions do not consider regional and seasonal scales of variation. In the present study, we will use the conclusion from the 1984 ICES Exceptional Plankton Bloom Meeting that a bloom is a deviation from the normal cycle of phytoplankton biomass (Parker 1987) . It should be emphasized, however, that any harmfulness of a bloom is not simply a biomass issue but rather is a characteristic that de- pends additionally on the species composition and growth conditions of the phytoplankton community and on the biological end point used for defining harm (e.g., direct toxic effects on fish or accumulation of toxins in bivalves). In addition, the trophic consequences of blooms vary with bloom species (Smayda 1997). For example, dense blooms of large, nontoxic, and relatively ungrazed species, such as Ceratium, may have contributed to hypoxic conditions in Swedish waters (Granéli et al. 1989) , whereas relatively low concentrations of toxic species may be considered to constitute a harmful bloom if the consequence is a loss of shellfish for harvesting (Hallegraef 1993; Smayda 1997) .
Observing systems-that is, monitoring programs-that collect long-term measurements of biological, chemical, and physical variability are essential for the evaluation of the driving factors for creating algal blooms. In Denmark, the Nationwide Aquatic Monitoring and Assessment Program was initiated in 1988 to describe nutrient inputs to the marine environment, document the effects of changes in nutrient inputs and concentrations, and help determine whether reductions in nutrient concentrations will be achieved by the measures taken (Conley et al. 2002) . As part of the monitoring program, regular measurements that should allow for detection of phytoplankton blooms are obtained in the marine environment.
Phytoplankton blooms are frequently observed in Danish coastal waters, and blooms that develop during the summer period may prove to be a nuisance for recreational activities and may enhance the sedimentation of organic material, contributing to the frequent and widespread oxygen deficiency in Danish waters (AErtebjerg et al. 2002) . The underlying causes of these summer phytoplankton blooms are unknown, although the blooms are believed to be linked to increasing nutrient inputs with eutrophication, especially to atmospheric deposition (Paerl and Whitall 1999) .
We have developed a technique to investigate the frequency of phytoplankton blooms in the summer period (May-August) based on measurements of chlorophyll a concentrations. A phytoplankton bloom is defined statistically as a bloom event if it lies outside of the normal or Gaussian distribution of observations at the station-specific location. We apply this technique to monitoring data collected in the Kattegat, Denmark. Furthermore, we evaluate the species composition of the blooms and investigate the underlying causes of the bloom events.
Study area
The Kattegat is a shallow marginal sea that connects the North Sea with the Baltic Sea ( Fig. 1) and is of an estuarine character that has been affected by human-induced eutrophication (Richardson and Heilmann 1995) . Its surface area, volume, and average depth are 22,290 km 2 , 533 km 3 and 23.9 m, respectively (Gustafsson 2000) . The western part is relatively shallow (10-20 m), whereas the eastern part has a north-south trench with depths of 50-100 m. It is a northtemperate ecosystem dominated by large advective transports (Anderson and Rydberg 1993) , which results in an almost permanent stratification with a halocline located at ϳ15 m depth (Anderson and Rydberg 1988) . Salinities in the surface layer gradually change from ϳ18 in the southern part to 30-32 in the northern part of the Kattegat. The KattegatSkagerrak front in the northern area, where surface salinities can rapidly change by 5-10 (Jakobsen 1997), is an important feature that leads to locally increased primary production (Richardson 1985) . During periods of westerly winds, which dominate in the region, upwelling may take place along the Jutland coast (Kiørboe 1996) .
The results of bioassay studies have shown that primary production is usually nitrogen limited in the Kattegat during summer (Granéli et al. 1990 ). Most of the primary production occurs in the upper mixed layer, although subsurface blooms may contribute substantially to production rates (Richardson and Christoffersen 1991) . Primary production in the coastal area is almost twice that observed in open waters (Carstensen et al. 2003) . Phytoplankton production is driven by large external nutrient inputs that are dominated by loading from land, with direct atmospheric deposition onto Kattegat making up ϳ30% of the external nitrogen load (Asman et al. 1995) . However, during summer, external nutrient inputs from land are low because of uptake by terrestrial vegetation and retention during passage through pro-Summer phytoplankton blooms ductive estuaries before the nutrients enter the Kattegat, which increases the relative importance of atmospheric nitrogen deposition. Additional nutrient entrainment fluxes occur from the bottom. The seasonal variation in Chl a is dominated by the spring bloom in March-April and autumn blooms starting in September, separated by the summer period with relatively small changes in Chl a values (Richardson and Christoffersen 1991).
Materials and methods
Sample collection-Data on salinity, temperature, inorganic nutrients, Chl a, and phytoplankton biomass by species were collected during routine sampling at 36 monitoring stations (Fig. 1 ), in cooperation with the Danish National Environmental Research Institute, several Danish counties, and the Swedish Meteorological and Hydrological Institute. Monitoring stations were scattered over the entire Kattegat; however, most stations were located near the coast. Monitoring data were combined with 3-h wind data from two meteorological stations located near the Kattegat (1989 Kattegat ( -1999 . Wind velocities were aggregated to daily values and averaged over the two stations to produce a mean wind speed field for the entire Kattegat.
Water column salinity and temperature profiles were measured by means of various conductivity-temperature-depth profiles, and dissolved inorganic nitrogen (DIN), phosphorus (DIP), and silicate (DSi) were sampled at discrete depths and analyzed using standard wet chemical techniques. Chl a was measured by trichromatic spectrophotometry. Data from samples representing the upper mixed layer (0-10 m) were averaged before statistical analyses. Phytoplankton was collected from an integrated water sample either combined from various discrete water samples from 0 to 10 m or collected using an integrating hose from 0 to 10 m. Direct counts and measurements of dimensions of phytoplankton were made in an inverted microscope on Lugol-fixed samples, according to the method of Utermöhl (1958) . Phytoplankton carbon biomass was calculated from cell counts and dimension measurements under the assumption of simple geometric shapes and using conversion factors of 0.13 and 0.11 pg C m Ϫ3 for thecate dinoflagellates and other phytoplankton groups, respectively. Carbon contents of diatoms were corrected for lower C content of cell vacuoles [pg C (m 3 vacuole) Ϫ1 ϭ 0.1 ϫ pg C (m 3 plasma volume) Ϫ1 ], according to the method of Edler (1979) . Phytoplankton biomass data were available at only 9 of 36 stations. In particular, phytoplankton biomass was only available at three stations with water depths Ͼ20 m.
Bloom frequency-The bloom frequency was statistically defined as the percentage of observations where a stationspecific Chl a concentration lay outside the Gaussian distribution of observations at that location. Observations were categorized as either nonbloom events for the lower Chl a values assumed to be approximately Gaussian distributed or as bloom events that made up the right tail of the stationspecific Chl a distributions. The station-specific means (x) and standard deviations (s) were calculated, and observations more than the 97.5th percentile of the prediction interval (x ϩ t 97.5%,nϪ1 ϫ s) were defined as bloom events belonging to a different distribution. The 97.5th percentile of the nonbloom distribution was biased by bloom observations; therefore, this procedure was repeated until all nonbloom observations were below the threshold. The bloom definition was applied to 34 of 36 stations: the remaining two stations (Sta. 3310 and 4410) had Chl a observations with a rather coarse resolution of 0.5 g L Ϫ1 that resulted in distributions of a discrete nature that were inappropriate for the categorization procedure. For these two stations, appropriate threshold values were determined visually from station-specific histograms to distinguish blooms from nonbloom events. The bloom frequency (the percentage of time that a bloom was observed) was calculated for all combinations of stations and years by dividing the number of identified bloom observations by the total number of observations and multiplied by 100. The bloom frequency was analyzed within the framework of generalized linear models (McCullagh and Nelder 1989) to investigate temporal and spatial variations, under the assumption of the number of identified blooms as binomially distributed and with the probability parameter as a function of stations and years, using a PROBIT link function and a likelihood-ratio test for significance of these two factors. The marginal distribution of yearly and station-specific bloom frequencies were estimated from the generalized linear model, and station-specific values were spatially interpolated by ordinary kriging using a linear semivariogram model including nugget effect (Cressie 1993 ) that was estimated from the station-specific values.
Statistical analysis-We examined monitoring data (1,200
Chl a and 260 phytoplankton observations) from May through August, to investigate summer phytoplankton blooms. All statistics were carried out using a 5% significance level, and the residuals from statistical tests were examined for normality (t-test and analysis of variance [AN-OVA] ) and independence.
The spatial and temporal distribution of summer Chl a values were investigated by calculating marginal means for stations and years simultaneously by means of a general linear model that took into account that observations were irregularly distributed between stations and years. Station means were interpolated on the spatial scale by ordinary kriging using a linear semivariogram model including nugget effect (Cressie 1993 ) that was estimated from the stationspecifc values. Yearly Chl a means were analyzed for trends by linear regression.
Observations of salinity, temperature, DIN, DIP, and DSi, which were sampled concurrently with Chl a, were analyzed by means of a two-factor ANOVA to investigate differences in these variables during blooms. The analysis also included station, as a factor to describe the spatial variation, and the interaction between station and blooms, to describe differences between stations during the occurrence of a bloom. The mean difference in these variables for blooms versus nonblooms was calculated as contrasts in ANOVA for all stations combined and stations individually, with a Bonferroni correction applied for multiple testing (e.g., Sokal and Rohlf 1981) . Daily wind speeds up to 10 d before and on the day of sampling were examined, and differences between days with and without blooms were analyzed by means of t-tests with the assumption of equal variances. Although blooms were rarely observed at all stations simultaneously, days with blooms identified at a single station were classified as a bloom day.
Phytoplankton data were combined with bloom and nonblooms events determined from the station-specific Chl a distribution. The biomass of phytoplankton species was aggregated into four functional groups (cyanobacteria, diatoms, dinoflagellates, and other species), and the dominating species in terms of biomass contribution was determined for each phytoplankton sample. The proportion of functional groups as well as the dominating species relative to the total phytoplankton biomass was calculated and analyzed separately by means of a two-factor ANOVA (bloom, station, and bloom ϫ station), to examine any potential changes in the phytoplankton composition during blooms. Differences in these proportions between bloom and nonbloom observations were calculated for all stations combined and stations individually. Mean proportions for the nine stations with phytoplankton sampling data available were calculated and related to station-specific water depths. Finally, the biomass proportion of dominating species was related to total phytoplankton biomass for each functional group by means of analysis of covariance (ANCOVA) that accounted for variation between stations.
Results

Variations in Chl a concentrations-Spatial variations in
Chl a concentrations were larger than temporal variations in summer Chl a levels. Station means ranged from 1.27 g L Ϫ1 in central parts of the Kattegat to 2.98 g L Ϫ1 near the mouth of the Göta River estuary, compared with the overall mean of 1.83 g L Ϫ1 for all stations combined. High Chl a concentrations (mean, Ͼ2.5 g L Ϫ1 ) were observed at stations near the mouth of the three freshwater sources, the Göta River, Rönne Å , and Gudenå (Fig. 2) . The nearshore region and the offshore region in the northern part of the Kattegat were also seen to have higher levels than the offshore regions in the central and southern Kattegat. Interannual variation in Chl a means (Fig. 3) was a factor Ͻ2, without any significant trend (F 1,9 ϭ 0.84, P ϭ 0.38).
The station-specific Chl a distributions (Fig. 4) were all right-skewed, with numerous observations exceeding the 97.5th percentile of the Gaussian prediction interval. The 1,200 surface chlorophyll observations were partitioned into 129 blooms and 1,071 nonbloom events, as shown in Fig.  4 . The blooms were equally distributed between the four summer months used in the analysis (30, 28, 32, and 39 blooms, respectively, in May, June, July, and August). Blooms were frequently identified in clusters when chlorophyll was sampled at several stations within a short-term period. These 14 periods, which lasted up to 3 d, accounted for 68 of the bloom events, and the blooms were generally observed at stations in a restricted area of the Kattegat (Fig.  5) .
The bloom frequency for stations varied between 0 and 0.24, with an average of 0.087 (e.g., 0-24%) of the observations were defined as a bloom, although the spatial variation was not significant ( 2 ϭ 47.45, P ϭ 0.078, n ϭ 283, df ϭ 35). The highest bloom frequencies were observed in the northwestern part and at two specific stations in the southern part, located where the outflow from the Baltic Sea enters the Kattegat. Bloom frequencies were also generally higher along the Jutland coast than along the Swedish coast (Fig. 6) . Interannual variation in bloom frequencies was significant ( 2 ϭ 48.01, P Ͻ 0.0001, n ϭ 283, df ϭ 10), with high levels in 1990 and 1998 and low levels in 1996 and 1997 (Fig. 7) , although trend analysis showed no systematic changes in the bloom frequency over the entire study period ( 2 ϭ 1.76, P ϭ 0.18, n ϭ 283, df ϭ 1). [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] , with observations partitioned into nonbloom and bloom distributions by the threshold value. n tot is the total number of observations, n bloom is the number of bloom events, and f is the bloom frequency. Covariation with Chl a-The five investigated covariates showed strong spatial variation within the Kattegat, and salinity and DSi increased significantly, whereas temperature decreased significantly during blooms (Table 1) . Although the bloom factor was not significant for DIN and DIP, both of these increased during blooms like DSi. The difference between bloom and nonbloom events did not change with stations except for DSi, which showed large increases in concentration (2.35-5.40 mol L Ϫ1 ) at three specific stations located near the mouth of the Gudenå and the outflows from the Baltic Sea. If these three stations were not included in the ANOVA, the mean difference became 0.39 mol L Ϫ1 ; however, the increase in DSi was not significant (F 1,823 ϭ 2.21, P ϭ 0.1376). For all the five variables, only three of the station-specific differences between bloom and nonblooms events, calculated as contrasts in the ANOVA, were significant when a Bonferroni correction was used for the significance level.
Chlorophyll sampling combined with daily wind speed means resulted in 392 days categorized into 81 bloom and 311 nonbloom days. Wind-speed levels were generally higher 2-5 d before the observation of a bloom in the monitoring data; however, wind speed were only significantly higher 3 d before the sampling days (Table 2 ). This pattern of several Fig. 7 . Bloom frequency in the Kattegat for all stations combined. Means and 95% confidence limits were estimated within the framework of generalized linear models. 
consecutive days with increases in wind speed prior to blooms was reversed to higher wind speeds for nonbloom situations at lag times Ͼ1 week. The daily wind speed levels were highly variable, and there was no consistent pattern in these observations before identified blooms (i.e., all identified blooms were not associated with higher wind conditions 2-5 d before sampling). Sampling days with blooms were also exposed to higher maximum daily winds, those Ͼ8 m s Ϫ1 during the week prior to sampling occurred in 25% and 18%, respectively, of the bloom and nonbloom days.
Phytoplankton species composition-The 260 phytoplankton samples were partitioned into observations categorized as 42 bloom and 218 nonbloom observations, with blooms represented at only eight of nine stations where the phytoplankton species composition was examined. At Sta. 413, none of the identified bloom events coincided with phytoplankton sampling. Summer blooms were mainly dominated by diatoms and dinoflagellates, and, of these two specific species groups (Rhizosolenia spp. and Ceratium spp.) accounted for more than half of the observations of blooms (Table 3 ). For 16 of 42 blooms with phytoplankton data, the biomass contribution of a single species was Ͼ50% (11 diatoms and 5 dinoflagellates observations), and Rhizosolenia spp. and Ceratium spp. accounted for 7 and 4 of these, respectively.
The biomass contribution from diatoms and the dominating species increased, whereas those of dinoflagellates and other species decreased during blooms. However, none of these tendencies were significant (Table 4 ). The station-specific differences in biomass proportions from functional groups did not reveal any systematic pattern with respect to station location or specific water depth, but the dominating species' proportion was increasing during blooms for the four most shallow stations (Sta. 190004, 3310, 1993, and 4410) and decreasing for the four more deeper stations (Sta. 1939, 409, 925, and 1001) . However, there were significant differences between stations for biomass proportions of diatoms, other species, and dominating species. These variations were related to station-specific water depths as the proportion of diatoms and dominating species decreased with increasing station-specific water depth, whereas the proportion of other species, mainly nanoplankton, increased (Fig.  8) . The four deepest stations (Sta. 409, 925, 413, and 1001) were also all located Ͼ15 km offshore, whereas the other stations were located near shore.
The contribution to total biomass from the single species with the highest biomass increased significantly with total biomass for diatoms and dinoflagellates and decreased significantly for other species, whereas we had too few observations of cyanobacteria as the dominating biomass contribution to determine any relationship (Fig. 9) . The variation around the regression lines was largely attributable to differences between stations in the biomass proportion of the Table 4 . Biomass proportion of functional groups and the dominating species analyzed by two-factor ANOVA with interaction. The statistical analysis was not done for cyanobacteria because there were too few observations of cyanobacteria blooms in the Kattegat. Mean proportions and the number of observations used in the analysis are given for each variable. Significant factors (95% significance level) in the ANOVA are highlighted by boldface type. The mean difference between blooms and nonbloom events was estimated as a contrast in the ANOVA. Data used in the analysis were from the 8 stations (out of 9) where blooms were identified. dominating species as reflected in the ANCOVA statistics, where the covariate station was significant for diatoms (F 8,110 ϭ 7.72, P Ͻ 0.0001) and dinoflagellates (F 8,70 ϭ 4.33, P ϭ 0.0003), whereas no spatial dependency was found for other species (F 8,48 ϭ 1.05, P ϭ 0.4131). Regression-line coefficients for diatoms and dinoflagellates were comparable, reflecting that the proportion of the dominating species increased 20-24% when the total phytoplankton biomass increased by 1 order of magnitude.
Discussion
In the present study, we have proposed a method for categorizing bloom versus nonbloom observations in a largescale long-term monitoring data set by means of the stationspecific Chl a distribution. Although the underlying concept of considering blooms to be deviations from the usual range of variation has been formulated previously (Parker 1987) , the operational definition given here and its application to monitoring data have not been previously considered. Chl a concentrations are often described by means of the lognormal distribution (Tett and Wallis 1978) ; however, the nonbloom observations, which were characterized by balance in production and loss processes, suggest a Gaussian distribution. Comparing nonbloom observations and assuming these to be Gaussian and lognormal distributed, respectively, the station-specific variation in data was found to be constant irrespective of the mean level. Hence, the Gaussian distribution is more adequate for describing nonbloom events.
The bloom definition is simple and yet is generally applicable to monitoring data. This categorization of data allows for the investigation of the properties of relatively high chlorophyll observations in combination with other monitoring variables, to determine the regimes under which episodic summer blooms occur. Using the discrete bloom indicator as opposed to the Chl a concentrations for the covariation analysis provides a more robust statistical method that is less vulnerable to Chl a outliers. The proposed definition also provides a quantitative approach for assessing spatial and temporal trends in bloom frequencies and thereby Fig. 8 . Mean biomass composition, partitioned into four functional groups and the mean biomass proportion of the dominating species at the nine stations from which phytoplankton was sampled in the Kattegat. Station-specific water depths are given above columns. Stations are sorted by water depths and do not form a transect. Fig. 9 . The biomass proportion of the dominating species related to total biomass for the four functional phytoplankton groups. The total phytoplankton biomass is shown on a logarithmic scale. Regressions from the ANCOVA were significant in (B) F 1,110 ϭ 33.75, P Ͻ 0.0001, (C) F 1,70 ϭ 15.21, P ϭ 0.0002, and (D) F 1,48 ϭ 6.09, P ϭ 0.0172. addresses important questions: are algal blooms becoming more frequent and could the increased awareness of algal blooms result from more intensive monitoring?
Causes of summer blooms-During the summer period, subsurface populations of phytoplankton positioned around the pycnocline are characteristic for the Kattegat (Richardson and Christoffersen 1991; Nielsen et al. 1994) . Thus, observations of blooms could potentially arise from sampling shortly after wind-induced mixing of the subsurface Chl a maximum into the surface water. The blooms could also be the result of increased growth following an external input of limiting nutrients to the surface water. Subsurface maxima with Chl a concentrations during summer up to 10-15-fold higher than those in the surface water have been observed in the Kattegat (Nielsen et al. 1994) . Under the assumption of a vertical extent of 2 m for these extreme subsurface Chl a maxima and a surface mixed layer of 15 m, a mixing of the subsurface Chl a maximum into the surface water could increase surface concentrations of Chl a by a factor of ϳ2.1-2.6. Thus, a simple mixing of subsurface Chl a into the surface water could account for part of the increase in Chl a concentrations, especially in the case of the least pronounced blooms (Fig. 4) . However, this increase cannot account for the majority of the blooms; thus, the blooms must result from the active growth of phytoplankton populations, which must be accompanied by the input of new nutrients to the surface water.
There are two sources of direct nitrogen input to the upper mixed layer that could sustain the formation of a summer bloom in the Kattegat: (1) atmospheric deposition and (2) the entrainment and upwelling of nutrient-rich bottom water. The surface advection of blooms from tributaries or adjacent seas are other mechanisms that could support a summer bloom. All of these explanations are potential causes to a bloom in the Kattegat, but only the entrainment and upwelling of bottom water are associated with increases in salinity and nutrient concentrations, as well as the decreases in temperature that were observed (Table 1) . Increasing wind speed (Table 2 ) during the period before the bloom observations further corroborates this finding, because wind is the driving physical factor for upwelling and entrainment processes (Kiørboe 1996; Gustafsson 2000) . Therefore, the most likely cause of the observed summer blooms is wind-induced upwelling and entrainment. The results of the covariation analysis also indicated that this result was not station-specific but applied to all parts of the Kattegat. Given the large data set used in the covariation analysis, it is also clear that the regimes under which a bloom is observed have substantial variation and that the characteristics of a typical summer bloom are not unique.
Spatial distribution of summer blooms-The highest mean
Chl a levels were observed in areas with high freshwater Fig. 10 . Summer mean chlorophyll concentration and bloom frequency related to nitrogen input to the Kattegat during the 8 previous months (September-April). Nutrient input data include land-based discharges from Denmark and Sweden as well as atmospheric deposition, compiled from national monitoring programs in the two countries. Regression lines do not include data from 1990 and 1998 (white symbols), which have been marked separately.
input (Gudenå and Göta River estuaries) or high entrainment (fronts in the northern Kattegat), but these did not entirely coincide with areas of frequent summer blooms. In particular, average frequencies and increases in salinity for bloom events observed at stations near the mouths of the two major tributaries showed that high levels of phytoplankton biomass do not necessarily result in more frequent blooms. This finding applied to the entire Kattegat when all stations in the study were considered. Blooms were only more frequent in areas where entrainment and upwelling processes are known to be substantial (Gustafsson 2000) . Summer blooms were also generally more frequent in the western part of the Kattegat, as a result of upwelling events driven by westerly winds (Kiørboe 1996) . Thus, although the spatial distribution of Chl a is determined by physical processes as well as by proximity to tributaries, the spatial distribution of the bloom frequency appears to be strongly related to the physical forcing of the ecosystem.
The extent of blooms was typically on the range of up to 50 km, which indicates that the physical conditions sustaining a summer bloom were local in nature and rarely applied to the entire Kattegat. In particular, the frontal region in the northern Kattegat had blooms observed simultaneously at almost all stations, whereas no blooms were observed for the rest of the Kattegat (Fig. 5A ). Blooms can be ''born'' in one location and subsequently transported to another location by surface advection, as has been reported for estuaries (Pickney et al. 1997 ). The bloom shown in Fig. 5B could potentially have originated from the frontal region and then transported toward the Swedish coast, given that winds prior to this observation were mainly from the west. We suggest that this frontal region could be the seeding place of a large proportion of summer blooms, particularly those observed in the northern and central parts of the Kattegat. A summer bloom covering the entire Kattegat would require strong winds causing entrainment and upwelling of bottom water overall. Only one bloom of this dimension following exceptional high wind conditions (corresponding to the 99th percentile of the summer wind distribution) was observed during the 11-yr study period, in 1990. Thus, summer blooms are, in general, sustained by nitrogen input from bottom waters governed by local physical conditions.
Trends in summer algal blooms-Wind speed and nitrogen concentrations in the bottom water determine the magnitude of episodic nitrogen inputs to the surface layer by entrainment and upwelling. Within the Danish monitoring program, surface and bottom water DIN concentrations in Kattegat have been documented to be significantly related to discharge from land (AErtebjerg et al. 2002) . The increased nutrient enrichment of coastal waters over the last century should, in principle, lead to increased frequency of blooms, but the occurrence of blooms through time reported here showed no time trends, probably because of the lack of trends in nitrogen input during this period (AErtebjerg et al. 2002) . However, interannual variations in both the summer mean Chl a concentration and bloom frequency were related to external nitrogen inputs prior to the summer (Fig. 10) . These relationships are particularly strong when considering that 1990 and 1998 were dominated by westerly winds for 75% of the summer period as opposed to 50-72% for the other years. Moreover, 1998 had the highest mean summer wind speed of all years (5.24 m s Ϫ1 ); however, 1990 had an average level (4.80 m s Ϫ1 ), with many bloom observations associated with one single event covering the entire Kattegat. Interannual variations in bottom water nitrogen concentrations were significantly related to discharges from land (AErtebjerg et al. 2002) , which indicates a coupling from nutrient input to bottom water nitrogen concentrations to bloom frequency. Thus, the frequency of summer blooms through the time course of increased nutrient enrichment is likely to have increased as a result of human-induced eutrophication.
Composition of summer blooms-Surface water phytoplankton blooms may originate from (1) the surface layer initial nonbloom population, (2) the pycnocline population, (3) advection, or (4) resuspension of phytoplankton in the sediment top layer, typically diatoms or dinoflagellates, at shallow-water stations. The most frequently dominating bloom species were Rhizosolenia spp. (R. fragilissima in particular) and Ceratium spp. The lack of significant bloom factors seen in Table 4 indicates that the functional composition of the phytoplankton community does not change during a bloom, whereas single species become more dominant with increasing biomass (Fig. 9) . Thus, large species such as Ceratium spp. and Rhizosolenia spp. become dominating with respect to other dinoflagellate and diatom species. Blooms resulting from an imbalance in growth and loss rates of phytoplankton occurred during the summer season, which is characterized by high biomasses of zooplankton grazers (Kiørboe and Nielsen 1994) . Thus, a likely explanation for the observed species compositions of blooms is the prevalence of large phytoplankton generally favored by high turbulence (Kiørboe 1996) and representing the upper range of the optimal prey size of the mesozooplankton (Hansen et al. 1994) . Only the largest mesozooplankters like Centropages and cladocerans and some dinoflagellates (e.g., Fragilidium) are capable of grazing Ceratium (Nielsen 1991; Skovgaard 1996) .
The production of resting spores by several diatoms and the high concentration of viable diatom cells in the upper layer of the sediment (Josefson and Hansen 2003) , combined with a less permanently stratified water column, may explain their relatively high proportions at the shallow-water stations (Fig. 8) , although these cannot be compared with the distribution of blooms because of too few biomass observations (Table 3) .
Potentially toxic species contributed Ͼ10% to the total phytoplankton biomass in only four bloom samples (10% of bloom samples). In two of these cases, Karenia mikimotoi and Chrysochromulina spp. made up 44% and 48% of the biomass, respectively. K. mikimotoi and Chrysochromulina are commonly found in association with the pycnocline (Richardson 1997) ; thus, the predominance of these species supports the conclusion that upwelling or entrainment was the driving force behind the summer blooms. Nonbloom samples showed a similar frequency (11%) of samples with a Ͼ10% contribution to total biomass of a single toxic species. Our Danish data set thus illustrates that conditions leading to increased bloom frequencies may also increase the number of blooms with high biomasses of toxic species but that there is no indication that toxic species will prevail with increasing bloom frequency.
We have proposed and applied a simple, quantitative, yet generally applicable operational definition of an algal bloom that can be used to assess the frequency of phytoplankton blooms in aquatic ecosystems. A quantitative measure of an algal bloom is required for the investigation of the underlying causes of the bloom and to determine whether there are indeed increasing trends in algal blooms, especially those related to cultural eutrophication. Our results demonstrate that summer blooms in the Kattegat occur primarily during entrainment events, although they are linked to cultural eutrophication through the upwelling of regenerated nutrients from bottom waters. The determination of the frequency of algal blooms in other aquatic ecosystems is necessary to examine the influence of cultural eutrophication on phytoplankton communities.
